The fact that there have been more than 300 human infections with a novel avian H7N9 virus in China indicates that this emerging strain has pandemic potential. Furthermore, many of the H7N9 viruses circulating in animal reservoirs contain putative mammalian signatures in the HA and PB2 genes that are believed to be important in the adaptation of other avian strains to humans. To date, the definitive roles of these mammalian-signature substitutions in transmission and pathogenesis of H7N9 viruses remain unclear. To address this we analyzed the biological characteristics, pathogenicity, and transmissibility of A/Anhui/ 1/2013 (H7N9) virus and variants in vitro and in vivo using a synthetically created wild-type virus (rAnhui-WT) and two mutants (rAnhui-HA-226Q and rAnhui-PB2-627E). All three viruses replicated in lungs of intratracheally inoculated pigs, yet nasal shedding was limited. The rAnhui-WT and rAnhui-PB2-627E viruses were transmitted to contact animals. In contrast, the rAnhui-HA-226Q virus was not transmitted to sentinel pigs. Deep sequencing of viruses from the lungs of infected pigs identified substitutions arising in the viral population (e.g., PB2-T271A, PB2-D701N, HA-V195I, and PB2-E627K reversion) that may enhance viral replication in pigs. Collectively, the results demonstrate that critical mutations (i.e., HA-Q226L) enable the H7N9 viruses to be transmitted in a mammalian host and suggest that the myriad H7N9 genotypes circulating in avian species in China and closely related strains (e.g., H7N7) have the potential for further adaptation to human or other mammalian hosts (e.g., pigs), leading to strains capable of sustained human-to-human transmission.
A nnual influenza A virus (IAV) epidemics result in 250 to 500 million human infections, which cause 250,000 to 500,000 fatalities worldwide (1) and tens of thousands of deaths in the United States annually (2) . The total burden of IAV can escalate dramatically when new pandemic influenza virus strains emerge. For example, a new influenza virus subtype introduced into the human population in 1918 led to the "Spanish flu" pandemic that killed an estimated 50 to 100 million people (3) . IAVs have a negative-sense RNA genome consisting of eight segments that can reassort, or mix, during coinfection within an individual cell or animal. Additionally, genetically diverse IAVs with pandemic potential circulate in animal reservoirs, particularly poultry and swine, and are a continual and unpredictable threat to animal and public health.
The zoonotic H7N9 IAV viruses, which emerged in China in March 2013, have resulted in more than 300 infections and 114 deaths. Because of the lack of an existing immunity against H7 subtype influenza viruses in the human population, the H7N9 virus is of concern as a potential cause of a pandemic (4) (5) (6) . These H7N9 viruses are reassortants containing avian-lineage genomic RNA segments of viruses that circulated in waterfowl and terrestrial birds (e.g., chicken and brambling) (7) (8) (9) . Importantly, genomic analysis of human H7N9 isolates indicates that they contain several amino acid changes in multiple gene segments, and some have been hypothesized to be important in the adaptation of avian viruses to humans and other mammals ("mammalian-signature" amino acid motifs). Of particular interest are the Q226L (H3 numbering; Q235L, numbering from the initiating methionine of H7) substitution in the sialic acid receptor binding domain of the H7 HA and the E627K substitution in the PB2 protein, which is a subunit of the heterotrimeric viral RNA-dependent RNA polymerase (RDRP). Both mutations have been implicated in the adaptation of different lineage avian IAVs (e.g., H5N1) to humans/mammals (10) (11) (12) (13) (14) .
It is unclear how this H7N9 lineage will continue to evolve in various avian species, or potentially in swine. Swine have been shown to play a role in the emergence of pandemic influenza A viruses in the past (15) (16) (17) (18) (19) . Although there is no evidence of H7N9 infection of pigs thus far, hundreds of human infections occurred over a large geographic region in China in a short period of time, suggesting that this H7N9 lineage is widespread in China (20, 21) . The close contact between pigs and poultry and humans in China provides continual opportunities for transmission of H7N9 viruses to pigs. Based on the H7N9 genome sequence data from GenBank, more than 99% (82/84) of H7N9 viruses isolated from avian species in China contain PB2-627E, and 66% (67/102) of H7N9 avian strains contain HA-226Q. However, the pathogenesis and transmissibility of the H7N9 viruses containing PB2-627E or HA-226Q in pigs remain unknown. Furthermore, the roles the putative mammalian signatures in the H7N9 virus (i.e., HA-226L and PB2-627K) play in pathogenesis and/or transmissibility remain unclear. In this study, we employed reverse genetics of H7N9 and the pig model to investigate pathogenicity and transmissibility of H7N9 and potentially critical mammalian adaptive mutations in pigs.
MATERIALS AND METHODS
Cells. Madin-Darby canine kidney (MDCK) cells and porcine kidney (PK-15) cells were maintained in Eagle's minimal essential medium (EMEM) with 5% fetal bovine serum (FBS), L-glutamine (Invitrogen, CA), MEM vitamins (Invitrogen, CA), and 1% antibiotic (Invitrogen, CA). Human embryonic kidney (HEK) 293T cells and human lung epithelial (A549) cells were maintained in Opti-modified Eagle's medium (Opti-MEM) supplemented with 10% FBS (HyClone, UT).
Complete genome synthesis and plasmid construction. Nucleotide sequences of the eight gene segments of A/Anhui/1/2013 (H7N9) were retrieved from the EpiFlu database (www.gisaid.org). The synthetic genomics approach used a total of 396 oligonucleotides, 69 to 71 bases in length, which were designed for enzymatic assembly of the eight segments; the noncoding regions inferred by database analysis were also incorporated. The assembly and error correction processes were performed as recently described (22) , with minor modifications, such as increased time at all extension steps (from 72°C for 1 min to 72°C for 2 min) for efficient assembly of the polymerase segments. The synthesized segments ( Fig. 1) were cloned into the modified bidirectional influenza virus reverse genetics vectors pBZ61A18 (PB2, PB1, and PA) and pBZ61A15 (HA, NP, NA, M, and NS) using the recombination-based method (23) and transformed into Stella-competent Escherichia coli cells (Clontech). Colonies were selected and sequenced. The appropriate clones for each segment were propagated for plasmid preparation and verified by sequencing to preclude any mutations or deletions that can emerge in the bacteria if any of the cloned genes are unstable (24) . The resulting plasmids are pBZ187A2 (PB2), pBZ188A6 (PB1), pBZ189A26 (PA), pBZ190A3 (HA), pBZ191A1 (NP), pBZ192A3 (NA), pBZ193A2 (M), and pBZ194A4 (NS) ( Table 1) . The plasmids pWW98A5 (rAnhui-PB2-627E) and pWW101A2 (rAnhui-HA-226Q), with single substitutions, were generated by site-directed mutagenesis using pBZ187A2 and pBZ190A3, respectively, as templates. All constructed plasmids were confirmed by sequencing.
Minigenome assay. The luciferase-mediated minigenome assay was performed as previously described (25) . Briefly, human embryonic kidney (293T) cells, human lung epithelial (A549) cells, and porcine kidney (PK-15) cells in 24-well plates were cotransfected with 0.2 g each of the PB2, PB1, PA, NP, and pPolI-NS-Luc plasmids (pBZ81A36) (25) . To control for transfection efficiency, 0.02 g of the Renilla luciferase plasmid pRL-TK (Promega) was also cotransfected. After 18 to 24 h of incubation at 33°C, 37°C, 39°C, and 40°C, luciferase production was assayed using the dual-luciferase reporter assay system (Promega) according to the manufacturer's instructions. Firefly luciferase expression was normalized to Renilla luciferase expression (relative activity). For each cell line at each temperature, three independent replicates were conducted, the luciferase activity of the recombinant wild-type H7N9 polymerase was set at 100%, and the activities of the rAnhui-PB2-627E and other viruses were presented relative to that of the wild-type H7N9. GraphPad Prism 5 was used to generate the figures, and one-way analysis of variance (ANOVA) with Dunnett's multiple-comparison test was used to determine the significance of the differences (P Ͻ 0.05) between the wild-type H7N9 polymerase and other polymerases. Viruses. Three recombinant H7N9 viruses, including rAnhui-WT, rAnhui-HA-226Q, and rAnhui-PB2-627E used in this study were generated using synthetic genomics and reverse genetics (Table 2) . Briefly, an eight-plasmid (i.e., pBZ187A2, pBZ188A6, pBZ189A26, pBZ190A3, pBZ191A1, pBZ192A3, pBZ193A2, and pBZ194A4) reverse-genetics system was used to generate the rAnhui-WT virus as previously described (26) . The pBZ190A3 plasmid was replaced with pWW101A2 to rescue the rAnhui-HA-226Q virus, which contains an L-to-Q substitution at HA residue 226 (H3 numbering system). To generate the rAnhui-PB2-627E virus, which contains a K-to-E substitution at PB2 residue 627, pBZ187A2 was replaced with pWW98A5. All viruses were propagated in MDCK cells and sequence verified prior to the pig infection study. Each challenge virus was diluted in MEM to a final concentration of 10 6 50% tissue culture infective doses (TCID 50 )/ml. A/chicken/Jena/4836/1983 (H2N2) and A/Brisbane/59/2007 (H1N1) were propagated in chicken embryos.
Receptor binding assay. The receptor binding preference of three reverse-genetics-rescued H7N9 viruses was analyzed by hemagglutinating receptor-specific red blood cells (RBCs), including normal turkey red blood cells (containing both ␣-2,6 and ␣-2,3 receptor), ␣-2,3-specificneuraminidase-treated turkey red blood cells (containing only ␣-2,6 receptor after treatment), and sheep red blood cells (mainly expressing ␣-2,3 receptor) (27) . Both turkey and sheep red blood cells were washed 3 times before use (Colorado Serum Company, Denver, CO). The ␣-2,6 receptor-specific red blood cells were prepared by treating turkey red blood cells with ␣-2,3 specific neuraminidase (NEB, MA). Briefly, 10% RBC in 1,000 l were incubated at 37°C in the presence of 1,000 IU ␣-2,3-specific neuraminidase for 1 h. Treated red blood cells were washed three times with PBS before use. The final working solution was 0.5% RBCs in PBS for the hemagglutination assay. To determine the specific receptors on the treated and untreated red blood cells, the avian influenza virus A/chicken/Jena/4836/1983 (H2N2) and human influenza virus A/Brisbane/59/2007(H1N1) were included in the receptor binding assay as controls. Hemagglutination assays were performed in V-bottom microtiter plates by incubating equal volumes (50 l) of 2-fold serially diluted virus and different red blood cells. The hemagglutination titer was defined as the reciprocal of the highest virus dilution that hemagglutinated red blood cells.
Real-time RT-PCR assay. The real-time reverse transcription-PCR (RT-PCR) assay was performed based on the protocol for detection of novel H7N9 virus developed by the WHO Collaborating Center for Reference and Research on Influenza at the Chinese National Influenza Center (Beijing, China), with modifications (28) . Virus RNAs were extracted from 100 mg of tissue using with an RNeasy Plus minikit (Qiagen). cDNA was synthesized by using universal 12 primer (5=-AGCRAAAGCAGG-3=) for influenza virus and SuperScript III reverse transcriptase (Invitrogen, USA). RNA copy numbers of the influenza virus HA gene segment were determined by quantitative real-time PCR in a C1000 Touch thermal cycler (Bio-Rad, USA). Briefly, specific primers and probe targeting the HA gene of the novel H7N9 (forward primer, 5=-AGAAATGAAATGGC TCCTGTCAA-3=; reverse primer, 5=-GGTTTTTTCTTGTATTTTTATA TGACTTAG-3=; and probe, 5=FAM-AGATAATGCTGCATTCCCGCAG ATG-BHQ1-3=) were synthesized by Biosearch Technologies (USA) as described previously (28) . The quantitative PCR was conducted in a 25-l reaction volume, containing 12.5 l 2ϫ TaqMan real-time PCR master mixes (Invitrogen, USA), 1 l of each primer (20 M), 1 l of probe (10 M), 4.5 l RNase-free water, and 5 l cDNA. The virus RNA copy numbers were determined based on the assay detecting the standard positive plasmid (pBZ190A3-HA) as a molecular reference (detection limit is 10 molecules). The thermocycling conditions were as follows: 95°C for 10 min, then 40 cycles of 95°C for 10 s and 60°C for 45 s. The specimen was considered positive if the cycle threshold (C T ) value was Յ38.0.
Genomic amplification and next-generation sequencing. Viral RNA was extracted from bronchoalveolar lavage fluid (BALF) of inoculated pigs, and the complete genome was amplified using the multisegment RT-PCR strategy as previously described (23) . Positive PCR products were subjected to deep sequencing using an Illumina MiSeq personal sequencer and an Ion Torrent PGM sequencer. Sequencing coverage varied from a few hundred reads to many thousands of reads for each nucleotide position, depending on the quantity of multisegment RT-PCR products. Results were analyzed using CLC Genomics Workbench. At each particular nucleotide site, if a variant represented more than 10% of the population (cutoff value ϭ 10), it was counted as a mutation or single-nucleotide variant (SNV).
Pig experiments. The pig study was conducted in biosafety level 3 agriculture (BSL-3Ag) facilities located at the Biosecurity Research Institute at Kansas State University and approved by the Institutional Animal Care and Use Committee at Kansas State University. Three-to 4-week-old pigs (American Yorkshire) that were serum-negative for swine influenza viruses and porcine reproductive and respiratory syndrome were used in this study.
Experimental design. To evaluate the pathogenicity and transmissibility of all three H7N9 viruses (rAnhui-WT, rAnhui-HA-226Q, and rAnhui-PB2-627E) in pigs, 44 3-to 4-week-old pigs were randomly allocated into 4 groups in separate rooms (12 pigs in each inoculated group and 8 pigs in the control group). Nine pigs from each inoculated group and 8 control pigs were intratracheally inoculated with 10 6 TCID 50 of each virus (rAnhui-WT, rAnhui-HA-226Q, and rAnhui-PB2-627E) or virusfree MEM, respectively. Three naive contact pigs were commingled with inoculated animals in each virus group at 3 days postinfection (dpi) to investigate viral transmission (Fig. 2) .
Clinical observation. All inoculated and sentinel pigs were observed twice daily for clinical signs (i.e., sneezing, coughing, nasal discharge, respiratory distress) until the end of the experiment (7 dpi). Body temperature was checked and recorded daily after challenge as well as before challenge.
Pathogenesis, virus replication and transmission in pigs. Three pigs from each inoculated group and 2 or 3 control pigs were necropsied at 3, 5, and 7 dpi, and 3 contact pigs were euthanized at 4 days postcontact (dpc). At necropsy the lungs were removed in toto from pigs. To investigate virus replication in the lungs, the lungs were flushed with 50 ml fresh MEM to obtain bronchoalveolar fluid (BALF) from each euthanized pig for virus detection and titration as described previously (29) . Viral titers in BALF were determined in MDCK cells cultured in 96-well plates, and cytopathic effect (CPE) was observed and recorded daily until 72 h postinfection (hpi). Inoculated MDCK cells were fixed after 72 hpi and immunostained by using NP monoclonal antibody (ATCC clone HB65) to confirm the CPE results. To evaluate nasal viral shedding and transmission in pigs, nasal swabs were collected from inoculated pigs on 0, 3, 5, and 7 dpi and from contact pigs on 0, 2, and 4 dpc. BALF samples were also collected from all contact pigs for virus detection. Virus titers of nasal swabs and BALF samples were determined in MDCK cells as described previously (29) . Blood samples were collected from all pigs before challenge and at the time of necropsy. Macroscopic and microscopic pathology. At necropsy the lungs were removed in toto from pigs. The percentages of influenza gross lesions on each lung lobe were scored by a single experienced veterinarian before flushing with 50 ml of MEM to collect BALF samples, and an overall averaged percentage per animal was calculated based on individual lung lobe scores. For histopathologic examination, tissue samples from tracheas, right cardiac lung lobes, and other affected lung lobes were fixed in 10% buffered formalin, processed, and stained with hematoxylin and eosin (H&E). Lung sections were examined by a veterinary pathologist in a blinded fashion, and a score from 0 to 3 was assigned to reflect the severity of bronchial epithelial injury, as described previously (29) . Lung sections were scored (on a scale of 0 to 3) for the severity of bronchointerstitial pneumonia (0 ϭ no significant lesions, 1 ϭ mild lesions, 2 ϭ moderate lesions, 3 ϭ severe lesions). The following criteria were used to grade lungs: bronchiolar/alveolar epithelial degeneration and necrosis, neutrophilic inflammation in alveoli/bronchioles, interstitial pneumonia, bronchiolar submucosal lymphocytic inflammation, peribronchiolar lymphocytic inflammation, and bronchiolar/alveolar epithelial regeneration and hyperplasia.
Statistical analysis. Polymerase activity, virus titers, temperature, and macroscopic and microscopic lung scores were analyzed by using analysis of variance (ANOVA) in GraphPad Prism version 5.0 (GraphPad software Inc., CA); a P value of Ͻ0.05 was considered statistically significant. Those response variables were subjected to comparisons for all pairs by using the Tukey-Kramer test. Pairwise mean comparisons between inoculated and control groups were made using the Student t test.
RESULTS
Rapid generation of H7N9 viruses using synthetic genomics technology. To characterize and assess the pandemic potential of the H7N9 viruses, the whole genome derived from the consensus sequence of the original A/Anhui/1/2013 (H7N9) virus isolate was synthesized (designated rA/Anhui/1-JCVI.1/2013 [rAnhui-WT]) from the enzymatic assembly of 396 oligonucleotides ( Fig. 1) (22) , and cloned into reverse-genetics plasmids (Table 1) (23) . We hypothesized that the putative mammalian-signature-to-avian-signature substitutions would be loss-of-function mutations in mammalian hosts and that they could be safely engineered, rescued, and analyzed. Thus, comparing the replication, pathogenesis, and/or transmission of the rAnhui-WT with that of the lossof-function mutants would demonstrate the role that putative key mammalian-signature substitutions play in vitro and in pigs, which are an important reservoir host ("mixing vessel") and experimental model. Consequently, the rAnhui-WT virus and two mutants containing the PB2-K627E (rAnhui-PB2-627E) or HA-L226Q (rAnhui-HA-226Q) substitutions were synthesized and rescued (Table 2 ) in a biosafety level 3 laboratory using enhanced precautions which are in place at the BSL-3Ag Biosecurity Research Institute (BRI) at Kansas State University (KSU).
Critical roles of the PB2-E627K and HA-Q226L substitutions determined in vitro. The putative mammalian-signature substitution PB2-E627K has been studied in other avian IAV lineages, and it typically enhances their replication in mammalian cells at lower temperatures (10, (30) (31) (32) (33) . However, in some virus strains, such as the 2009 H1N1 pandemic virus (pH1N1), PB2-E627K has little if any impact because of other compensatory mutations (25, (34) (35) (36) (37) . To compare the RNA polymerase activity of the zoonotic H7N9 with that of contemporary human viral polymerases and analyze the effect of the mammalian-signature PB2-627K substitution at the molecular level, we evaluated the RNA polymerase activity in both human (HEK293T and A549) and porcine (PK-15) cells using a luciferase-mediated minigenome assay. In all of the cells, especially at lower temperatures (e.g., 33°C), the rAnhui-WT (H7N9-WT) RNA polymerase showed significantly higher activity than the polymerases from pH1N1 and zoonotic H5N1 viruses (Fig. 3) . In contrast, introducing a single aviansignature substitution, PB2-627E, into the H7N9 RNA polymerase significantly decreased enzymatic activity (P Ͻ 0.05), although the effect was less dramatic in PK-15 cells than in the human cells, especially at higher temperatures (Fig. 3) .
Influenza virus-host cell receptor interactions play a critical role in tissue tropism and species specificity. The receptor binding specificity of the HA on the surface of the rAnhui-WT and recombinant variants was examined to analyze preference for avian receptors (sialic acids attached to galactose via an ␣-2,3 linkage) or mammalian receptors (sialic acids attached to galactose via an ␣-2,6 linkage). The receptor binding specificity assay showed that the rAnhui-WT and rAnhui-PB2-627E viruses (all viruses have HA-226L) bound to both ␣-2,3 and ␣-2,6 receptors equally well, while the rAnhui-HA-226Q virus bound much better to ␣-2,3 receptors than to ␣-2,6 receptors (Table 3) . Thus, the HA-Q226L substitution identified in human H7N9 isolates is critical for ␣-2,6 receptor binding specificity and likely facilitates zoonotic transmission. These in vitro results suggest that the PB2-E627K and HA-Q226L substitutions in the novel H7N9 viruses may be critical for transmission, replication, and virulence in humans and may have evolved in infected humans or terrestrial poultry, which express both ␣-2,3 and ␣-2,6 receptors in their respiratory tracts.
Clinical symptoms and pathology of the rAnhui-WT and recombinant variants in pigs. Pigs have played a central role in the evolution of many influenza viruses, and we hypothesized that infection of pigs with the rAnhui-WT, rAnhui-HA-226Q, or rAnhui-PB2-627E viruses would delineate the importance of specific amino acid substitutions in the infection of pigs, and by extension their putative role in human infection and transmissibility. To test our hypothesis, forty-four 3-to-4-week-old piglets TCID 50 of the appropriate H7N9 virus on day 0. Three contact pigs were commingled with each inoculated group at 3 days postinfection (dpi). Three inoculated pigs from each group were necropsied at 3, 5 and 7 dpi, and the 3 contact pigs were sacrificed at 4 days postcontact (dpc).
were randomly assigned to 4 groups housed in separate biocontainment rooms (12 pigs in each inoculated group [principal plus sentinel animals] and 8 pigs in the control group) in the BSL-3Ag BRI facility at KSU. Nine pigs from each group were intratracheally inoculated with 10 6 TCID 50 of the three H7N9 strains (rAnhui-WT, rAnhui-HA-226Q, and rAnhui-PB2-627E), and 8 pigs were mock inoculated as a control group. As shown in Fig. 2 , three pigs from each group were sacrificed at 3 days postinfection (dpi); subsequently, three naive sentinel animals were commingled with each of the inoculated groups to investigate transmissibility of the recombinant wild-type H7N9 virus and variants in a direct-contact scenario. At 5 and 7 dpi, we necropsied three inoculated pigs from the individual groups, except for 7 dpi, when we sacrificed two mock-inoculated control animals. The sentinel contact animals (three pigs per group except for the mock-inoculated control group) were sacrificed 4 days postcontact (dpc), which was 7 dpi for the principal inoculated animals. No obvious clinical signs (i.e., sneezing, coughing, nasal discharge, or respiratory distress) were observed in any of the animals throughout the observation period. Elevated body temperatures were observed in some pigs (Ͻ50%) inoculated with rAnhui-WT (1, 3, and 5 dpi), rAnhui-HA-226Q (1, 3, and 4 dpi), and rAnhui-PB2-627E (1, 3, and 5 dpi) viruses (Fig. 4) . Necropsy revealed macroscopic lung lesions typical of influenza (plum-colored, consolidated areas) in For each cell line at each temperature, the polymerase activity of H7N9-WT was set at 100%, and all other viruses were compared to H7N9-WT. Each virus was significantly different than the H7N9-WT using a one-way ANOVA with Dunnett's multiple-comparison test (P Ͻ 0.05), unless noted on the figure as having no significant difference (P Ͼ 0.05). Bars represent means Ϯ SD for 3 independent replicates. virus-inoculated pigs ( Fig. 5 and Table 4 ). Minor, nonspecific lung lesions were infrequently found in control pigs (Table 4) , but the lungs from the mock-infected animals were confirmed to be negative for influenza A viruses by virus isolation and influenza virus M-gene-specific real-time RT-PCR assays (including nasal swabs, BALF, and lung tissues) (38, 39) . The rAnhui-WT, rAnhui-HA-226Q, and rAnhui-PB2-627E viruses caused lung lesions in pigs on each necropsy day; however, no significant gross pathological differences were found between the 3 groups (Table 4) . Intriguingly, the contact animals in the rAnhui-WT (3/3) and rAnhui-PB2-627E (1/3) groups showed macroscopic lesions typical of influenza (Table 4 ). In contrast, only very mild gross lung lesions were observed in the rAnhui-HA-226Q contact animals (Table 4) , and no virus or viral RNA were detected from any tissue derived from the rAnhui-HA-226Q contact animals ( Table 5) . For histopathological examination, tissue samples from the trachea, right cardiac lung lobe, and other affected lung lobes were fixed in 10% buffered formalin, processed, and stained with hematoxylin and eosin (H&E). A histopathological score (0, 1, 2, or 3) was assigned by a board-certified veterinary pathologist in a blinded fashion to reflect the extent of damage to the lung architecture and the severity of bronchial epithelial injury. All three H7N9 variants caused mild to moderate bronchointerstitial pneumonia at 3, 5, or 7 dpi (Table 4 ) compared to the control group. The three H7N9 viruses preferentially caused lesions in the alveolar region with primarily neutrophilic inflammation in the interstitium and alveoli and very mild bronchiolar epithelial degeneration and necrosis (Fig. 6) . No significant differences in the histopathological lung lesions were observed at 3, 5, and 7 dpi between the three groups. The lung sections of the contact animals showed minimal microscopic lung lesions in the rAnhui-WT and rAnhui-PB2-627E groups; none of the three pigs in the rAnhui-HA-226Q virus group showed microscopic lung lesions, suggesting that rAnhui-HA-226Q was not transmitted to contact animals, in contrast to other two H7N9 viruses tested in pigs (Table  4 ). Some control pigs had an occasional small focus of mild interstitial pneumonia (Table 4 ), but they were negative for influenza virus infection, as tested by virus isolation and real-time RT-PCR.
H7N9 viruses replicate in pigs, and HA-226L is an important determinant for swine transmission. To investigate viral replication in the tissues of inoculated pigs, infectious virus titers in the bronchoalveolar lavage fluid (BALF) and genome copy numbers in the cardiac lobe of the lung and in the lower trachea were determined. Overall, all three H7N9 viruses (rAnhui-WT, rAnhui-HA-226Q, and rAnhui-PB2-627E) replicated efficiently in pig lungs (Fig. 7) . Pigs inoculated with rAnhui-WT had higher titers in the BALF at 5 dpi than those inoculated with rAnhui-HA-226Q or rAnhui-PB2-627E (Fig. 7A) . However, this was not consistent at other time points or in other tissues. To evaluate nasal shedding and viral transmission among pigs, nasal swabs were also collected from inoculated pigs at 0, 3, 5, and 7 dpi and from contact pigs at 0, 2, and 4 dpc. Although the H7N9 viruses replicated well in the trachea and lungs, they were not readily identified in nasal swabs after intratracheal inoculation. Only one animal in rAnhui-PB2-627E group was found to have an influenza virus-positive nasal swab at 5 dpi with low viral titers (data not shown). As anticipated, none of the mock-inoculated animals had virus present in any of their tissue or BALF and nasal swab samples (data not shown).
Replication and transmission of the H7N9 variant viruses was also evaluated by analysis of BALF, lung, trachea, and nasal swabs from the various groups of contact animals (Fig. 7) . Titers and/or viral RNA were low in the contact animals and were often identified in one or few of the specimens from individual animals ( Table  5) . Interestingly, despite poor nasal shedding of the H7N9 variants in principal infected pigs, rAnhui-WT and rAnhui-PB2-627E were detected in various tissues of 2/3 and 3/3 contact pigs, respectively (Table 5 ). In contrast, the rAnhui-HA-226Q was not detected in any tissues of the contact pigs (Table 5) . Thus, comparison of the genetically homogeneous recombinant viruses shows that 5/6 of the pigs exposed to viruses that have HA-226L were positive for virus transmission by direct contact, whereas none of the three pigs exposed to the HA-226Q virus was positive (Table  5) . Taken together, our data show that the putative mammaliansignature HA-226L is critical in transmissibility of H7N9 in pigs.
Next-generation sequencing and analysis of viral genomes in infected pigs identifies additional residues in the viral genomes. Genomes of the viruses in the BALF samples from inoculated pigs were amplified by multisegment RT-PCR (23) and subjected to next-generation sequencing to identify nucleotide polymorphisms. Two amino acid substitutions (F87L and V195I) in the HA protein were selected in pigs infected with the recombinant Anhui-WT (a clonal population). V195I, located in one end of the 190 helix, is close to 226L, which is in the 220 loop of the receptor binding pocket (Fig. 8) , indicating that additional adaptations around the receptor binding pocket occur rapidly in an individual host. The F87L substitution is located underneath the HA head, and its potential role in replication in pigs remains unknown. Nucleotide polymorphisms that generate three other amino acid substitutions [R149I (38.1%), A156T (13.8%), and N167D (22.8%), numbering from the first methionine of H7 protein] were detected in the HA of BALF samples from pigs infected by the PB2 mutant rAnhui-PB2-627E (Table 6 ). These substitutions are located in the head of the HA, and positions 149 and 156 are located underneath the 130 loop, which is important in maintaining conformation structure of the receptor binding pocket (Fig.  8) . Intriguingly, N167D is located on top of the receptor binding pocket and is close to the 190 helix. All three substitutions surround the receptor binding pocket and impact the structure of the pocket. In contrast, only one amino acid substitution (N443K) was observed in the HA protein of viruses from pigs infected with the rAnhui-HA-226Q virus, which is located in the HA stalk domain. Significant nucleotide polymorphisms were not found in the NA gene, except a nonsynonymous substitution that results in W175F in the NA protein from rAnhui-PB2-627E-infected pigs (Table 6) . Nucleotide polymorphisms were also selected in the internal protein genes of three viruses after replication in the pig lungs (Table 6 ). In a BALF sample harvested from an rAnhui-WT-infected pig, a dominant viral population containing a PB2-T271A substitution (74.0%) was detected, and also, a PB2-M402I mutation (57.0%) emerged (Table 6 ). In four BALF samples harvested from the rAnhui-PB2-627E-infected pigs, an average 13.0% of the viral population contained a PB2-E627K reversion (Table 6 ). Intriguingly, 11.0% of the viral population in one pig also had a PB2-D701N substitution, which is known to compensate for PB2-627E in mammalian hosts. A few nucleotide polymorphisms were found in PB1, PA, and NP proteins, whereas substitutions were not observed in above 10% (cutoff value ϭ 10%) of the population in other proteins (i.e., M1, M2, NS1, and NS2).
DISCUSSION
To date, the roles of putative mammalian-signature substitutions, animal reservoirs, and means of transmission of this novel H7N9 virus among humans and animals remain unclear. During the course of our studies, several articles were published characterizing H7N9 isolates, such as A/Anhui/1/2013, A/Shanghai/1/2013, and A/Shanghai/2/2013, in vitro and in vivo (6, 21, (40) (41) (42) (43) . These viruses were isolated in tissue culture or eggs and subsequently propagated most often in eggs, with subtle differences in techniques used by the various laboratories. Although natural isolates contain unique point mutations that can be compared, the results are confounded by other nucleotide and amino acid differences/ mutations between the strains and by the fact that IAV evolves so rapidly that culture conditions and propagation/passage methods dramatically impact the viral population. In contrast, this study characterized biological properties, pandemic potential, and molecular mechanisms important in replication and transmissibility in pigs by focusing on one H7N9 strain (A/Anhui/1/2013). We analyzed a synthetically derived wild-type H7N9 virus (rAnhui-WT) and directly investigated the two amino acid residues that may be critical in the adaptation and transmission of these H7N9 viruses to humans (rAnhui-PB2-627E and rAnhui-HA-226Q). Synthetic genomics proved to be a powerful tool that enabled us to rescue and confirm the sequences of all the recombinant viruses even without the wild-type H7N9 isolate. The reverse-genetics-rescued viruses provided a cleaner background to define the putative loss-of-function mutations in the PB2 and HA viral proteins and generated important data regarding the impact of these substitutions and their role in replication and transmission. The data demonstrate that the rAnhui-WT H7N9 virus, which has putative mammalian-signature amino acids in the PB2 (627K) and HA (226L), and the recombinant viruses (rAnhui-HA-226Q and rAnhui-PB2-627E) replicated in pigs and caused various levels of disease, including fever and pneumonia, which is consistent with findings in another study using an isolate of A/Shanghai/2/2013 virus (21) . In contrast, other avian influenza viruses, such as H9N2 (HA-226L and PB2-627-E) viruses, replicate poorly in lungs of pigs despite inoculation of the same amount of viruses by the same route (37) . A recent study also showed that human H7N9 viruses replicate efficiently in swine respiratory tissue explants ex vivo (44) . Collectively, our data suggest that this emerging H7N9 lineage is adapted to mammals and indicate that it could be transmitted to pigs as well as humans.
Comparison of the transmission profiles of the recombinant viruses rAnhui-WT, rAnhui-PB2-627E, and rAnhui-HA-226Q showed that both rAnhui-WT and rAnhui-PB2-627E were transmitted among pigs by direct contact, which demonstrated that HA-226L is required for transmission ( Fig. 7 and Table 5 ). Thus, the HA-226L substitution found in many H7N9 strains circulating appears to play a critical role in transmission. This is likely due to the fact that the HA-226L residue creates a nonpolar area, allowing the Gal-2 C-6 and ring carbons of the ␣-2,6 human receptors to bind efficiently (45) . The mammalian-signature mutation PB2-627K, found in the novel human H7N9 viruses, has been associated with virulence and transmissibility of zoonotic highly pathogenic H5N1 lineage viruses (26) (27) (28) . Recent studies using different virus isolates also strongly suggested that the PB2-627K contributes to replication and virulence of H7N9 virus in a mouse model (46, 47) . Although the PB2-K627E substitution reduced viral polymerase activity in both human and porcine cells as anticipated (Fig. 3) , the rAnhui-PB2-627E mutant was still transmitted to sentinels from the inoculated principal animals at a level comparable to that seen for the rAnhui-WT virus. In contrast, the pigs infected by rAnhui-HA-226Q did not transmit the virus to any of the contact animals ( Table 5 ). This indicates that the mammalian-signature amino acid (226L) in the HA of the H7N9 viruses plays a decisive role in viral transmissibility in pigs. Nevertheless, the reversion of the PB2-627E mutants to 627K and acquisition of PB2-701N suggests that the lysine at position 627 is also important in zoonosis of H7N9 viruses. (45) is shown. The structure was rendered using Pymol, and the surface is shown as transparent. 226L (using H3 numbering; 235L, based on a starting methionine of H7), which was mutated to the glutamine (Q) in rAnhui-HA-226Q, is highlighted in red. The substitutions R149I, A156T, and N167D were found in viruses from the BALF of pigs infected by rAnhui-PB2-627E. F87L and V195I were observed in rAnhui-WT-infected pigs. The single substitution N443K was found in rAnhui-HA-226Q-inoculated pigs. All substitutions found in pig BALF samples are shown in blue. Designations in parentheses indicate the residue based on the starting methionine of the H7 HA. Transmission studies showed that the reverse-genetics-derived wild type (rAnhui-WT) is transmissible in pigs by direct contact. This is in contrast to a study by Zhu et al., who intranasally infected pigs with a different strain derived from the natural isolate A/Shanghai/2/2013 (21) . In this study, transmission in direct contact pigs was not identified by virus detection methods, although one of the four contact pigs seroconverted by 14 dpc (21) . These results may be attributable to the fact that the A/Shanghai/2/2013 virus was isolated and propagated in embryonated chicken eggs and is likely to have selected a viral population adapting to avian cells, whereas the reverse-genetics-derived virus rAnhui-WT, which represents the consensus sequence of the original human isolate, was propagated by minimal passage in mammalian cells (MDCK) that express both ␣-2,3 receptors and ␣-2,6 receptors.
Next-generation sequencing showed that multiple nucleotide polymorphisms rapidly emerge from the molecular clones of the H7N9 viruses during replication in pigs, which demonstrates that this H7N9 lineage rapidly adapts within pigs, and likely humans, suggesting that these viruses have pandemic potential. Five amino acid substitutions (F87L, V195I, R149I, A156T, and N167D) were observed in the HA proteins of rAnhui-WT and rAnhui-PB2-627E viruses after replication in pigs. All of these mutations are close to the receptor binding pocket located in the head of the H7 protein. The functions of these substitutions in receptor binding affinity and transmissibility remain unclear. Nevertheless, the rapid emergence of these substitutions after a single passage in pigs suggests that the H7N9 viruses easily adapted to pigs after initial infection. Mutations also emerged in internal genes of the H7N9 viruses after replication in pig lungs. Notably, in BALF samples harvested from the rAnhui-PB2-627E-infected pigs, a significant proportion of the viral population contained a PB2-E627K reversion. For one of the viruses, 11% of the viral population had a PB2-D701N substitution, which compensates for PB2-627E in mammalian hosts (13, 48) . In a sample from one lung of rAnhui-WT-infected pigs, more than half of the viral populations had acquired T271A and M402I substitutions in the PB2 protein; T271A is critical for enhancement of polymerase activity, replication of influenza viruses in mammalian cells, and respiratory droplet transmission of pH1N1 (49, 50) . However, the functions of M402I in the PB2 protein and observed mutations in other genes (PA, NP, and NA) remain unclear. Thus, while the PB2-K627E substitution did not have a major impact on transmission, mutations in PB2 appears to be very important for replication of H7N9 in pigs and likely other mammals, such as humans.
In summary, our studies demonstrate that the recombinant human H7N9 virus and variants are infectious for pigs; however, they show different levels of virulence and transmissibility in pigs, and viruses containing HA-226L are more likely to be transmitted between pigs. Recent studies showed that the human A/Anhui/1/ 2013 isolate showed a limited ability to be transmitted (ϳ33% of contacts) among ferrets by respiratory droplets (40, 42) . Collectively, the results of this and other H7N9 studies indicate that the zoonotic H7N9 lineage viruses currently circulating in avian species in China already have the potential for avian-to-human/swine transmission and that additional mutations may be required to enable variants of H7N9 to spread more efficiently among humans. The fact that many mutations (including putative replication/transmission-enhancing mutations, such as PB2-T271A, PB2-E627K, and PB2-D701N) emerged readily during a single passage in pigs is of additional concern; i.e., the H7N9 viruses can rapidly acquire human-signature substitutions. Finally, it is well understood that pigs often act as mixing vessels for human, swine, and avian influenza viruses (51), and our results provide evidence that the H7N9 virus and variants are able to productively infect pigs and suggest that the virus could readily become established in the swine population. If these H7N9 viruses or related viruses become enzootic in pigs, it will create new opportunities for the generation of novel reassortants with other swine influenza viruses circulating in Southeast Asia (e.g., swine, avian, and even human lineage viruses, introduced into pigs by reverse zoonosis), which could increase their pandemic potential (20, 37, 52) .
